In this paper, resonance effects in transformer windings are thoroughly investigated and analyzed. The resonance is determined by making use of an accurate approach based on the application of the impedance matrix of a transformer winding. The method is validated by a test coil and the numerical results are verified by an ATP-EMTP model. Further analysis is applied on a transformer winding for which the inductance and the capacitance matrix as well as the winding losses are previously determined. By having determined the amplification factor, it can be found the location where the most severe transients may occur. It is also shown that maximum resonance overvoltage depends on the duration of the excitation and its resonance frequency.
Introduction
Transformers are important devices which are inevitable for the existence and the operation of power systems. The study of transient behavior of transformer voltages and currents is important for transformer designers and system planners, in order to know the interaction between the transformer and the system during different disturbances.
Transformers may normally possess more resonance (natural) frequencies, which exist because transformer windings and coils can be seen as a number of series inductances and shunt capacitances. When a transformer is excited by a voltage that oscillates with a frequency equal to some of the resonance frequencies, a resonance occurs. During this process, the total winding impedance is determined by the copper losses of the transformer winding. Hence, the resonance is a phenomenon in which the terminal transformer impedance is fully resistive and the imaginary impedance part is equal to zero. In this case, the total impedance becomes either minimum (series resonance) or maximum (parallel or anti-resonance). In case of a series resonance, the transformer is exposed to high overvoltages voltages, and the voltage distribution in the winding is non-linear since winding capacitances cannot be ignored. The evaluation of this distribution is important in order to know, which of the windings experience the highest stresses and under which conditions; lightning or switching. One important parameter E-mail address: m.popov@ieee.org that provides insight about voltage amplitudes along the winding is the amplification factor. This parameter was studied in Ref. [1] . During non-standard waves, resonance overvoltages may take different values. The analysis is performed to a single transformer even though the procedure is valid for multi-transformer windings as long as the impedance matrices, the elements of which are frequency dependent, are accurately determined.
Nowadays different types of models are applied to study transformer transients. The powerful vector fitting model, which is very accurate belongs to the group of blackbox modeling [2] . Its application depends on the measured admittance matrices within broad frequency range. A model based on 2 port network representation by making use of a Frequency Response Analysis (FRA) is another example of an efficient black box approach [3] . Another type of models are white box models. These are numerical models that make use of inductance-, capacitance-and resistance matrices. The advantage of the white box models is that transient analysis is performed within broad frequency range. However, the disadvantage is that the accuracy strongly depends on the accuracy of computed parameters, particularly inductance and capacitance matrix as well as losses, which are frequency dependent [4] [5] [6] . Finally, the last type of models are gray box models. These models are built in EMTP-based software packages, and some transformer parameters previously determined by white box model can be tuned to the measured values (black-box). In this way, inaccuracies of white box model can be eliminated.
In this work, an accurate modeling of the transformer winding based on the nodal admittance matrix is presented. Firstly, the modeling approach is described and applied to a transformer https://doi.org/10.1016/j.epsr.2018.04.002 0378-7796/© 2018 Elsevier B.V. All rights reserved. winding for which the parameters are known. Besides, the C-, Land R-matrices are with constant parameters, so the model can also be implemented in ATP-EMTP environment and verified by a numerical analysis. Thereafter, a detailed analysis is performed on a foil-type transformer [4] .
The paper is organized as follows. Section 2 explains the computational procedure. Section 3 deals with the verification of the model by an EMTP model; white box model is verified by EMTP simulations. In Section 4, a detailed analysis of a transformer winding for which the parameters are known is performed. Sections 5 and 6 deal with the discussion of the results and conclusion respectively.
Computation strategy
According to Ref.
[1], the transformer is fully determined when the Z matrix of the transformer winding is known. The currents can be computed from the voltages by making use of:
in which, I is a vector of current injections in the coil/turns, Y is a square admittance matrix of the winding and U is a vector of voltages to ground at each coil/turn. Matrix Y is defined as:
where G is the matrix of conductances, C is the matrix of capacitances and is the nodal inductance matrix, which also takes into account series losses. In general, it may take into account frequency dependent self-and mutual inductances, and frequency dependent losses including proximity effects as well. Since the accuracy of the computed voltages is highly dependent on the accuracy of the parameters, it is important to investigate how accurate the input parameters are and what the frequency range of model application is. Z matrix can be obtained by inversion of Y. In this way, the relation between voltages represented in vector U and currents in vector I, can be represented as:
When j-th coil is excited by current i j , the coil voltages can be found as:
It is easy to show that when a current is injected in the sending end of the winding, the ratio between the voltage drop of an arbitrary coil point j and the terminal voltage with respect to the terminal voltage can be represented as:
Eq. (5) is known as an amplification factor. When the source voltage u 1 is also known, the voltage at each coil u j can be determined by:
The time domain voltage distribution can be calculated by making use of inverse Modified Fourier Transform, or other techniques like inverse FFT, inverse Laplace or convolution.
In this work, the time domain solution is provided by:
If we divide the real and imaginary part of the integral function, and if we apply the property of evenness of the real part and oddness of the imaginary part with respect to ω, the following expression can be used [7] :
In Eq. (8), the interval 0, ˝ , the smoothing constant b and the step frequency length dω must be chosen properly in order to arrive at an accurate time-domain response. The modified transformation requires the input function u j (ω) to be filtered by an, exp(−bt) window function. To compute the voltages in separate coils the same procedure can be applied.
Model verification
The described procedure in the previous section is applied on a test transformer for which the parameters of the coils and explanation of how the matrices are built are provided in the Appendix A. These parameters are taken from a test coil, the measurements of which are also shown in Ref. [1] . These data are also used for the EMTP model as shown in Fig. 1 . The L matrix with mutual inductances among all inductive elements is not shown in this figure. Fig. 2 shows a comparison of the harmonic terminal impedance of the numerical model and EMTP model. Amplitude and phase characteristics are compared and it can be seen that both are in good agreement. The advantage of this implementation is that it offers possibility to observe the interaction of the transformer with a specific network.
(Anti)resonances occur whenever for some particular frequency, harmonic impedance phase angle is zero. Fig. 3 represents the computed amplification factors for the observed frequency
